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1 Introduction

The production and decay of top quarks provides an
interesting configuration of, and interplay between,
color fields whose transience limits their interactions
to the emission of soft gluons. Because of the large
top mass (M; ~ 175 GeV/c?), gluon production cou-
pled to the top colored charge exhibits different kine-
matic properties compared with other colored ob-
jects. Because of the large value of the electweak
decay width (T'; = 1.5 GeV), emissions from the top
quark can be suppressed by interference with those
from the b-quark produced in the top quark’s elec-
troweak decay. This offers the possibility of extract-
ing the top quark lifetime through measurement of
properties associated with soft gluon emissions. It
is argued here that studies of hadroproduction in #t
events produced from ete™ collisions, in particular,
offers an experimentally feasible means of measuring
I'; and radiation patterns produced by a massive col-
ored object. After reviewing basic features of top
production for scenarios involving linear ete™ collid-
ers, there will follow a review of different descriptions
of shower and hadron production, focusing on those
elements that are distinctive for ¢ production. Fi-
nally, a set of schema for experimental measurements
and an estimate of the precision with which I’y might
be measured are described in the last section.

2 Top Production at Linear
Colliders

Many elements of a program for the study of top
quarks at a high energy linear ete~collider have
been discussed extensively elsewhere [?]. Partic-
ularly important operation is at the ¢t threshold,
Vs =~ 350 GeV, where the measurement of the in-
clusive cross section yields precise measurements of
both M; and T';. Another commonly discussed sce-

nario is operation at /s = 500 GeV where produc-
tion rates for tt are still high. This is the scenario
considered here. At design luminosities [?], one
year of running at this energy would allow the de-
livery of an integrated luminosity of 100 — 300 fb~".
With a cross section for ete™ — #t of 650 fb [?],
accumulated samples of 65,000-200,000 ¢t would be
available in 1-2 years of running. As opposed to
a hadronic machine, it will be very straightforward
to collect these events with high efficiency. For the
purposes of this study, it is assumed that events of
the type ete”™ — t& — WHbW b followed by the
leptonic decay of one or both of the W bosons will
well measured through the reconstruction of high mo-
mentum jets, missing energy, and one or two leptons
(e or u). Events with one leptonic decay, also re-
ferred to as Lepton+Jet events, have a braching ratio
of 24/81 = 0.30 while dilepton events have a branch-
ing ratio of 4/81 ~ 0.05.

3 QCD and Soft Gluon Produc-
tion from Massive Objects

3.1 Eikonal Description

Much of the interesting physics pertaining to soft
gluon production from massive objects can be un-
derstood in the context of the eikonal treatment. For
the particular case of top quark production, a detailed
treatment can be found in Reference [?]. The main
result is the calculation of the cross section for the
production of a single gluon from the color structure
produced in ete™ — tt — WbWb events expressed
as a linear sum of antennae:

do _ Z c(T't)ipigi (1)

g

The antennae are analytic functions of the four mo-
menta of the partons involved in the problem.
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Figure 1: Radiation patterns calculated by eikonal
description with the top width,I'y, set to 0. Each plot
shows the single gluon production differential cross
section (normalized to the hard scattering Born cross
section) ws the polar angle . Confined to two dimen-
sions, 0 < § < 2.

Figure 1 shows examples of radiation patterns for
different kinematic configurations of the ¢, £, b, and b
quarks. and illustrates most of the salient features of
soft gluon emission.

Fach radiation pattern displays the differential
gluon emission cross section, JLO %’ plotted vs 6 where
0 is polar angle of the gluon. For the cases shown, all
five partons are confined to the y — 2z plane so that
the gluon polar angle covers the range 0 —27. In each
of the patterns shown, the gluon cross section shows
sharp peaks in the vicinity of the b and b quarks—the
origin of the parton shower component of the b-jets.
Also visible are very narrow holes coincident with the
b and b flight directions. These are known as “Dead
Cones” and arise from the suppression of the collinear
singularity due to the non-zero b quark mass. They
also occur for the t and ¢ quarks. The angular ex-
tent of the dead cone is typically ~ 1/8 and is thus
much larger for the ¢ or ¢ than for the much faster b
or b. In the presence of the top quark dead cones, the
gluon emission cross section associated with a parton
shower from the top quark is confined to low shoulders
centered around the ¢ and t flight directions. Note
that the description of this feature as being due “to
the top quark” is not completely accurate since the
radiation is from the color charge attached to both
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Figure 2: Radiation patterns calculated by eikonal
description with the top width I'; = 5 GeV. Each
plot shows the single gluon production differential
cross section (normalized to the hard scattering Born
cross section) ws the polar angle §. Confined to two
dimensions, 0 < 6 < 27.

the top and b quarks. The magnitude of this compo-
nent is much smaller than that associated with the
b-quarks, although the relative sizes are exagerrated
in the patterns shown since the effects of coherence.
that arise when multiple gluon emissions are included,
are absent. As pointed out in Reference [?], the most
probable kinematic configuration of the b and t or
b and % is where they have similar flight directions
so that it is very difficult to discern effects due to
the presence of a showering top quark unless specific
kinematic configurations can be chosen. One alterna-
tive that is similar in spirit and explored here is to
study contributions to hadroproduction in the region
of phase space isolated from reconstructed jets.

The coefficients in equation 1 are functions of T';.
Figure 2 shows the same radiation patterns as pre-
vious but with T'; = 5 GeV. That the short lifetime
effectively cuts off the soft radiation “from the top”
is most clearly seen in those cases where the t or ¢
are separated from the b and b so that different show-
ers can be distriguished. In these cases, the t or ¢
showers which are visible for I'; = 0 are gone when
I's =5 GeV. Experimental sensitivity to the lifetime
will therefore need to focus attention on regions away
from the b and b quarks. The eikonal formalism also
describes the dependence of the suppression due to
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the finite width on the gluon energy; it is largest for
the softest gluons. The gluon cross section is also
proportional to dw/w, where w is the gluon energy,
so that it is desireable to have sensitivity to the soft-
est energy regimes. In Reference [?], the effects of
gluons with energies of w = 5 GeV were explored,
in part as a consequence of the intent to study ev-
idence for gluons in the form of extra soft jets. A
better-matched technique would be to study the de-
tails of isolated hadrons, by using charged tracks for
instance. By focusing on such properties as parti-
cle multiplicities, the experimentally problematic is-
sue of resolving a gluon with energy ~ 1 GeV as a
jets is avoided. By using hadrons which are isolated,
experimental efficiencies will be high. The kinematic
properties of hadrons are also not an unreasonable
means of understanding the disposition of the under-
lying partonic structure. Consequently, features such
as the quark dead cones might be experimentally re-
solvable.
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Figure 3: Suppression of the single gluon cross sec-
tion as calculated by the eikonal description using
kinematics folded in from the HERWIG Monte Carlo
program. Each curve shows the effect for gluons with
different isolation relative to the b and b quarks in the
events.

Because of the clear sensitivity of the radiation pat-
terns to the kinematic configuration of the underlying
partons, calculated expectations need to fold in a full
description of events provided by a Monte Carlo pro-
gram. Using such a program to sample phase space,
the soft gluon production cross section can be cal-

culated for different kinematics which can then be
subjected to experimental acceptances and other ef-
fects to estimate the suppression of the soft gluons
under relatively realistic conditions. Figure 3 shows
the suppression of the cross section for the production
of a single gluon as a function of T'; assuming differ-
ent isolation criteria imposed between the gluon and
b-quarks emerging from the top quark decay. The re-
sult shows that if the soft isolated gluon multiplicity
can be extracted from experimental measurements,
the top quark width can be accordingly determined.

3.2 Parton Shower Models and Monte
Carlo Programs

Many features of soft gluon emissions implied by
the eikonal description are now contained in Monte
Carlo programs such as HERWIG[?] and PYTHIA[?].
These Monte Carlos also contain the standard means
for dealing with interference effects inherent in multi-
gluon emissions as calculated from the Parton Shower
model. While the production-decay stage interfer-
ence effects are not included, such Monte Carlo pro-
grams provide the only reasonably accurate means
of calculating expected experimental results partic-
ularly the unavoidable and dominant contributions
from the fragmentation of b-quarks and decay of b-
hadrons. The sought for interference effects are a
small effect in comparison. In this context, features
of gluon emission in # events as described by Monte
Carlo programs are reviewed here. For ete™ col-
lisions at /s = 500 GeV, both Monte Carlos pre-
dict significant soft gluon production from the ¢ and
t. The probability for at least one gluon is dictated
by the Sudakov form factors which effectively resum
leading log singularities and virtual corrections. The
Sudakov form factors are expressed as functions of
an ordering parameter which depends on the kine-
matics of the showering particle. In the case of the
top quark, it is its low velocity that dictates values
of Sudakov form factors which imply a low shower-
ing rate in the Parton Shower Model. Table 1 shows
the rate and multiplicity of gluons for HERWIG and
PYTHIA Monte Carlo programs at /s = 500 GeV
and /s = 1500 GeV. The gluon emission rate in
PYTHIA is slightly less than that in HERWIG al-
though there is some sensitivity to the specific values
for cutoff parameters that describe the boundary be-
tween the perturbative and non-perturbative regimes.

The energy distribution of the gluons described by
the parton showers in Monte Carlo programs is dic-
tated by the same cutoffs and by the 1/w energy de-
pendence of the single gluon cross section. HER-
WIG and PYTHIA of course use different param-
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HERWIG PYTHIA 400 [~
N 500 GeV | 500 GeV | 1500 GeV 30
Froa 47.1 43.3 68.0 300 -
<N, > 1.9 1.0 10 =0 [
< N};"t > (Dilepton) 8.58 5.8 833 20 -
150
Table 1: Average rate of production stage gluon emis- 100 -
sion from ¢ or ¢t quarks in HERWIG and PYTHIA 5% -
Monte Carlo programs. F.,q4 is the fraction of events 0 b b s
for which there was at least one gluon emitted by a ¢ o
or t quark. < N, > is the average number of gluons Shower Energy Parallel to emitting quark
emitted in ¢ or # parton showers, and < N/° > is the %50

mean number of gluons from any source, quoted only
for Dilepton events.

eters to specify the perturbative/non-perturbative
threshold but typical values are always in the range
500 MeV —1000 MeV. Figure 4 shows a variety of dis-
tributions obtained from the two programs describing
the gluon energy. In any of the different guises, the
typical energy of the gluons is ~ 2 — 3 GeV with long
tails.

For the results shown in this paper, the values
of the two PYTHIA parameters, Agcp and the
shower cutoff QQg, have been changed from their de-
fault ones to correspond more nearly to what is used
in HERWIG. Agcp is reduced from 250 MeV to
180 MeV. The cutoff Qg was changed from 1 GeV to
1.7 GeV. This latter change gives the same effective
gluon mass in the two programs and nearly the same
quark masses. Parameters relevant to PYTHIA’s
hadronization scheme ought to probably have been
changed as well but were not. Clearly, a realistic sce-
nario would require some tuning of these parameters
on independent data samples.

The Monte Carlo programs also include the effect of
non-zero masses on the kinematics of the emitted glu-
ons. As previously discussed, the most visible effect
of a finite mass is to suppress the collinear singular-
ity. The implementation of the parton shower model
in Monte Carlo programs is based on massless expres-
sions (in the Altarelli-Parisi splitting functions for in-
stance) and non-zero mass effects are imposed ad hoc.
In HERWIG, a dead cone is introduced as a sharp
step function in the emission probability as a func-
tion of the emitting object’s velocity [?]. PYTHIA
matches the matrix element for single gluon emission
to the parton shower result [?]. Figure 5 shows the
radiation patterns for gluons from the two programs.
The dead cone in PYTHIA is much less prominent
than in HERWIG and might be more appropriately
described as a “suppressed” cone than a “dead” cone.
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Shower Energy Perpendicular to emitting quark

Figure 4: Energy characteristics of gluons emitted by
top quarks in production from ete™ collisions.

4 Measurement of QCD Prop-
erties

Two measurements of interest that would be sensitive
to the presence of top are the radiation pattern for
hadrons measured as their angular distribution rela-
tive to reconstructed ¢/t and the mean multiplicity of
isolated hadrons. The former would be expected to
carry information relevant to the dead cone pattern of
gluons radiated from top and the latter would carry
information about the multiplicity of gluons in the
region of phase space which is more sensitive to the
presence of top. A quantitative sketch of expectations
for such measurements is presented here.

4.1 Measurement of Isolated
Hadronic Radiation Pattern

The radiation pattern for hadrons can be defined as
the distribution of dN/dcosf where 6 is the angle be-
tween the hadron and the nearer of the reconstructed
t or t. To obtain sensitivity to the presence of a
top quark, hadrons are required to be isolated from
jets associated with the b and b quarks and with any
jets from hadronic W decays. The definition of 8
assumes that ¢ and ¢ flight directions can be recon-
structed. Constrained fit techniques to do this have
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Figure 5: Radiation pattern calculated as the distri-

bution dfég 5 for gluons emitted by top quarks using

the HERWIG Monte Carlo program.

been used in experiments at the Tevatron [?] and it
is assumed that similar or better results are achiev-
able in a cleaner and more highly constrained linear
collider environment. In lieu of a full detector simu-
lation, the distributions shown are for stable hadrons
rather than charged tracks which would presumably
be used in a real measurement. Because of isolation
requirements, track finding efficiencies should be high
and the lack of a full simulation ought to have little
effect on the results obtained.

Hadronic radiation patterns obtained from HER-
WIG are shown in Figure 7. Each pattern shows
the d‘ji\; 5 distribution for stable hadrons sorted into
“signal” and “background” categories according to
whether they were nearer one of the partons from
the t or  electroweak decay or the leading gluon from
any shower by the ¢ or t. As expected, there are many
more background hadrons than signal hadrons. Also
shown in Figure 7 is the effect on the two categories
of imposing isolation and simple fiducial requirements
(Pr > 1 GeV/c, cosf < 0.9, where 6 is the polar an-
gle in the lab frame). One observes that the hadronic
radiation pattern reasonably follows the gluon radi-
ation patterns. Without the isolation requirements,
the “background” multiplicity is much larger than the
“signal” multiplicity. After requiring hadrons to be

AB Gluon, top

Figure 6: Radiation pattern for gluons emitted by top
quarks as described by PYTHIA with (solid line) and
without (dashed line) matrix element corrections.

isolated, the relative sizes are comparable. Fiducial
requirements do not significantly change the shape
or favor one category above the other. The presence
of the two contributions ought to be discernible in a
real experiment. One concern is that the hadrons in
the “signal” category might really be due primarily to
the “background” fragmentation shaped to look like
signal by the circumstance of being near the gluon.
This can be checked by: 1) Modifiying the Monte
Carlo program to suppress the production stage ra-
diation from top; 2) Introduce a fictitious gluon with
momentum vector relative to a top produced from
the unmodified program; 3) clustering the resulting
hadrons. The “signal” taken in this way ought to
be an approximation of the background contribution
to the signal distributions from Figure 7. Figure 8
shows the result compared to the unmodified results.
Clearly the background contribution to the signal is
only slightly sculpted by being near a gluon and the
signal contribution is dominated by the effects of the
hadrons produced in association from radiation by
the t or £ quark.
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Figure 7: Hadron radiation patterns calculated by
HERWIG Monte Carlo. Each plot shows the distri-
bution % where 6§ is the angle between each stable
hadron and the nearer of the ¢ or ¥ quark. Plots on
the left hand side are for hadrons which are nearer
the partons resulting from the ¢ or ¢ electroweak de-
cay than any radiated gluon while those on the right
are for hadrons which are nearer to the lead gluon
radiated from a t or . The upper two plots are for
all hadrons, the middle two for hadrons which are
required to be isolated from the electroweak partons,
and the bottom two are for hadrons which are isolated

and have Pr > 1 GeV/c.

5 Mean Hadron Multiplicity
and Measurement of I’

Although the dependence of the single gluon emis-
sions rate on the top lifetime has been extracted (cf
Figure 3), the determination of T’y is complicated
by the facts that 1) multiple gluon emission is the
norm; and 2) gluons are not observable final states.
The first problem will be addressed by focusing on
those regions of phase space dominated by low gluon
multiplicities. The second problem will be addressed
in a neccessarily model-dependent fashion by obtain-
ing the correlation between gluon activity and the
observed properties of hadrons as calculated by dif-
ferent Monte Carlo programs. In particular, the re-
lationship calculated by Monte Carlo programs be-
tween the mean hadron multiplicity and the mean
gluon multiplicity is explored.

In addition to the fundamental model dependence
of describing hadroproduction, there are other diffi-
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Figure 8: Radiation patterns calculated by eikonal
description. Each plot shows the single gluon pro-
duction differential cross section (normalized to the
hard scattering Born cross section) vs the polar angle
0. Confined to two dimensions, 0 < 6 < 2.

culties with correlating observed hadron properties
with gluons. The origin of hadrons in an event is not
as simple as the conversion of a gluon into some set
of hadrons as would be the case in a decay. By way of
example, consider the cluster picture of hadronization
used in HERWIG. In this scheme, hadrons essentially
emerge from the final state color segments, the num-
ber and kinematics of which are in turn driven by the
particulars of gluon emission. One expects that the
number of gluons would be correlated with the num-
ber of color segments (also referred to as clusters)
and thence with the number of hadrons produced.
This expectation can, however, break down. If, for
example, one suppresses all emissions, then there are
fewer color lines from which hadrons emerge but they
also have a much higher mass than those present with
gluon suppression enabled. In the HERWIG program,
high mass clusters undergo division into smaller mass
clusters until their mass is typical of that produced
through the showering process so that in the end,
the hadron multiplicity is not so different from the
case where no emission is allowed. The role of the
gluon emissions is effectively to place the hadrons in
the right place rather than affect their rate. Without
an isolation cut, the relationship between hadron and
gluon multiplicity would be less clear and one would
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also expect that for strong suppression of gluon emis-
sions, the sensitivity to details of the hadronization
model would be greatest.

Finally, one has to specify which gluons for which a
correlation with observed hadrons is sought. Figure 9
shows the energy spectrum for gluons produced from
parton showers in tf event. The median energy is 2.6
GeV. One option is to use this value as a “typical”
gluon and re-derive the curves in Figure 3; the curves
shown were derived for 1 GeV gluons. Another option
is to limit the derived correlation to the subset of
gluons for which Figure 3 was derived. This is the
approach taken here and is effected by correlating the
mean gluon and hadron multiplicities using gluons
with energies less than 3 GeV, or mean energies of
~ 1.2 GeV. It should be understood that this does
not mean that properties of the observed hadrons do
not depend on the higher energy gluons.
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Figure 9: Energy spectrum of the hardest gluon emit-
ted from top quarks obtained from HERWIG. The
emission of a two or more gluons is much less proba-
ble than of a single gluon.

Figure 10 shows examples of the relationship ob-
tained from HERWIG and PYTHIA between isolated
hadron multiplicity and the number of isolated soft
gluons produced. Such a plot can be used to derive
the mean gluon multiplicity, Ny, given a measurement
of the mean hadron multiplicity, Nj. As important,
the statistical uncertainty in the hadron multiplicity
can be easily determined and a corresponding uncer-
tainty in the mean gluon multiplicity derived. From
this value, the curves in Figure 3 then determine the
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Figure 10: Dependence of isolated stable hadron mul-
tiplicity on isolated soft gluon multiplicity for HER-
WIG and PYTHIA Monte Carlo programs.

precision with which I'; is extracted.

It is of interest to compare the sensitivity for the
determination of N, using different isolation criteria
required of the hadrons. In addition to focusing at-
tention on regions of phase space that are more sensi-
tive to effects of showers from the top quarks, the
isolation criterion can also affect the contributions
to the hadron multiplicities that arise from sources
other than parton showers. Figure 10 shows that
even for the case of no gluons, some hadrons are al-
ways present. A large source of such hadrons are
due to decays of B hadrons which are the leading
source of hadrons near the jet core. Clearly, the pre-
cision with which N, is derived should improve with
a tighted isolation criterion that removes this con-
tribution. Figure 11 shows the precision obtained
on N, as a function of AR, the isolation of hadrons
with respect to the hard jets, for samples of 10,000
events; AR is defined as /An2 + A¢?, where 7 is the
pseudo-rapidity and ¢ is the azimuthal angle.

The precision is calculated for Dilepton and Lep-
ton+Jet decays and for gluons with isolation of AR >
1.0 and AR > 1.5. Of course, one cannot determine
whether a given event has had gluons with the given
isolation and the evaluation of N, separately for two
categories (i.e. those gluon AR > 1.0 and > 1.5)
is simply a calculational artifice that emphasizes the
phase space from which most of the information is
obtained. One could separately use the relationship
between hadron multiplicity and ,say, gluons with iso-
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Figure 11: Statistical precision with which the iso-
lated soft gluon multiplicity is inferred from the mea-
surement, of the isolated hadron multiplicity for 10000
events of different decay modes.

lations AR < 1.0, 1.0 < AR < 1.5, and AR > 1.5
and then average the results but the result will be
dominated by the results of the last category. For a
different hadron isolation, the relevant region of phase
space would be different. The curves shown in Figure
11 show that for a particular hadron isolation, there is
a subset of gluons for which the measured multiplicity
can be most precisley determined and, as one might
have suspected, they are the gluons that have similar
isolation characteristics as the chosen hadrons.

By combining the the previously described relation-
ship between the gluon cross section and I'y shown in
Figure 3 with the curves in Figure 11, the precision
with which I'; is extracted from the mean isolated
hadron multiplicity can be evaluated. After correct-
ing for the branching ratios, the best precision is ob-
tained for the Lepton+Jet decay mode and hadron
isolation AR > 1.5. Under those conditions, 10,000
events, or approximately 1-2 years of running at de-
sign luminosities for /s = 500 GeV, would give a 2%
statistical measurement on I';.

6 Conclusion

The study of hadroproduction offers a method to
study the properties of soft gluons in events. Pertur-
bative QCD predicts distinctive and testable features
of hadrons originating from showers due to massive

colored objects. In particular, evidence for jettiness of
top quarks with a suppressed core due to the suppres-
sion of the mass singularity should be evident in the
distribution of opening angles between hadrons and
reconstructed top flight directions. The measurement
of the mean isolated hadron multiplicity appears to
have a sensitivity which would yield a measurement
of T'; to an uncertainty of a few percent which would
be competitive with measurements of the line shape
at threshold. An important limitation would be the
momentum acceptance of a tracking chamber.
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